Growth control by reactive oxygen species: possible molecular mechanisms
As yet there is no evidence in mammalian cells for proteins similar to the bacterial SoxR or OxyR capable of specifically 'sensing' 0;' [6] or H 2 0 2 [7] , which might be an initial step in switching on genes relevant to mammalian cell-proliferation responses. In contrast, there has been an Abbreviation used: PUFA, polyunsaturated fatty acid.
impressive accumulation of experimental data to indicate that the functioning of many growthsignal-transducing proteins is significantly dependent on their redox state. Such proteins include growth factor receptors, protein kinases, protein phosphatases as well as a number of important transcription factors, including AP-1 and NFKB [Z] . It has been speculated that the adjustment of the redox states of individual signal-transduction proteins within cells is a prerequisite for their optimal functioning in the transmission of growth responses [Z] . Such protein redox regulation could be achieved through the direct oxidative interaction of H202 (or OF*), or indirectly through changes in cellular levels of GSH and GSSG, for example involving the participation of glutathione peroxidase (Figure 1 ).
Another type of observation that suggests that the growth-modulatory effects of H2O2 are generally through redox modulation of regulatory proteins, rather than as a result of direct interaction with specific 'receptor' proteins, is that t-butylhydroperoxide will also elicit similar concentration-dependent positive and negative growth regulatory effects [Z].
Generation of 0;' and H202 endogenously: regulatory mechanisms
Although both 0;' and H 2 0 2 are established products of the 'respiratory burst' when the plasma-membrane NADPH oxidase of neutrophils and macrophages is activated, it is now becoming clear (see Figure 2) that OF' and HzOz are released by a range of non-inflammatory cells [Z] . For instance, primary human skin fibroblasts stimulated with cytokines, such as interleukin 1 or tumour necrosis factor a , release significant levels of 0;' [8] . Endothelial cells also release 0;' but again this release is greatly stimulated by cytokines, in this case interferon and interleukin 1 [9] . In the case of Balb/3T3 cells, platelet-derived growth factor is required [ 101.
Recently it has been reported that transforming growth factor fll is required to activate a plasmamembrane HzOz-generating NADH oxidase in human lung fibroblasts [ 113. On the other hand constitutive release of H 2 0 2 has been detected in a wide range of human tumour cells [ 121.
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H202 levels in relation to proliferation and apoptosis
The previous section demonstrated the variety of systems available to non-inflammatory cells for the endogenous generation of 0;' and H202, and how these systems can be regulated by important growth factors, cytokines and other serum molecules. Within cells further systems that can regulate levels of 0;' and H202 include the superoxide dismutases, catalase and glutathione peroxidase. In BHK cells we found that the activities of both catalase and glutathione peroxidase were influenced by cell growth state. In early stages of growth, the activity of glutathione peroxidase was high but declined during growth. The opposite was true of catalase activity.
When intracellular levels of H202 were determined in BHK cells, these were not static but declined progressively with growth [ 171. Exposure of these cells to inhibitors of glutathione peroxidase (mercaptosuccinate, mercaptovaline) or catalase (aminotriazole) not only reduced this growth-associated decline, but also depressed rates of cell proliferation and increased rates of apoptosis. This suggests that these antioxidant enzymes may have a novel, but critical, role as regulatory molecules. Other types of enzyme-related agents which also reduce the growth-associated decline of intracellular Hz02 are cell-permeable lowmolecular-mass mimics of superoxide dimutase. One of these, copper(II)-(3,5-di-isopropylsalicylate)z, also brought about reduced BHK [4] and HeLa [18] cell proliferation and increased apoptosis.
As mentioned previously, exposure of BHK cells to certain PUFAs results in increased rates of intracellular 0,' generation. In the case of docosahexaenoic acid-treated cells, there are also elevated levels of intracellular H202, reduced rates of cell proliferation and increased occurrence of apoptosis. In this particular case these negative effects could be reversed by the addition of a-tocopherol [19] .
lntracellular levels of H202 that are abnormally high or low
Although the preceding section would suggest that procedures resulting in increases in intracellular H202 usually lead to reduced rates of cell proliferation and increased apoptosis, early experiments of ours suggested that exposure of BHK or HeLa cell cultures to exogenously added superoxide dismutase or catalase also produced the same outcomes [18, 20] . In addition, exposure of BHK cells to N-acetyl-L-cysteine, although resulting in elevated cellular GSH levels, nevertheless caused a dramatic reduction in cellular levels of H202 [17] and after 48 h resulted in both reduced proliferation and some increase in apoptosis. In summary, for BHK or HeLa cells, it appears that procedures that lead to either abnormally high or abnormally low intracellular levels of H202 can result in reduced rates of proliferation and increased apoptosis.
Growth-promoting effects of H202
Since intracellular levels that are either abnormally high or low can result in reduced proliferation and increased apoptosis, it may be asked why exposure of fibroblasts such as BHK cells to low concentrations of exogenous H 2 0 2 (for example 1 pM) will stimulate proliferative responses [17] . In fact, H202 addition at this low concentration does not actually alter intracellular H202 levels. Rather it brings about a small decline in cellular GSH levels [21] . Thus growth stimulation may be achieved not by direct oxidative interaction of H202 with signal-transduction proteins, but, as is more likely, indirectly through changes in cellular GSH (or GSSG) levels that would affect their redox status.
Paradigm for redox regulation

General
Cell-specific signalling is currently dominated by a single paradigm whereby this is accomplished by molecules that bind non-covalently to specific receptors through complementarity of shape. We have proposed a novel growth-regulatory paradigm [2] that is superimposed upon established cell-signal-transduction pathways. This may involve the direct oxidative modification of growth-signal-transduction proteins such as receptors, protein kinases, protein phosphatases and transcription factors by H202 or 0;'. Alternatively, H202 may modulate the redox state and activity of these important signal-transduction proteins through changes in cellular levels of GSH and GSSG.
Redox regulation of growth responses
In this proposal the optimal intracellular level of H2O2 and 0;' would be 'set' through the modulation of NADPH and NADH oxidases, xanthine Volume 24 oxidase and mitochondria1 activities by the appropriate growth factors or cytokines, and by the relative activities of cellular superoxide dismutases, catalase and glutathione peroxidase (see Figure 2 ). However, abnormally elevated or lowered levels of H z 0 2 can prejudice optimal growth responses and favour decreased proliferation, as well as apoptosis. It is now clear from the work of other groups that the endogenous generation of such reactive oxygen species is a necessary prerequisite for cytokine and growth factor responses. Examples include the induction of c-fos expression in bovine chondrocytes by tumour necrosis factor sl and basic fibroblast growth factor [22] , the angiotensin 11-induced AP-1 DNA-binding activity and proliferative hypertrophic responses in mouse myogenic cells [23] , the stimulation of rat vascular smooth muscle cells by platelet-derived growth factor [24] and the down-regulation of DNA synthesis in mouse osteoblastic cells exposed to transforming growth factor p l [25] .
Redox regulation of apoptotic responses
Although the generation of reactive oxygen species appears to be necessary for the transduction of growth signals, it is not yet clear whether they are actually necessary for the signalling of apoptosis. Although higher than normal levels of H z 0 2 can induce apoptosis, it can also be brought about in conditions of very low intracellular H202, suggesting that the involvement of reactive oxygen species in apoptosis may not be obligatory. Rather, normal apoptosis pathways may simply be favoured under cellular conditions that are either abnormally 'oxidatively' or 'reductively' stressful. In situations where increased intracellular generation of 0;' has been provoked in BHK cells by acute serum withdrawal or exposure to the PUFA, docosahexaenoic acid, the ensuing 'oxidative' stress that can lead to apoptosis can nevertheless be blocked by a-tocopherol, which can restore intracellular levels of 0;' generation to normal. a-Tocopherol on the other hand does not block apoptosis in these cells induced by direct exposure to exogenous H202.
As was the case with proliferative responses, the potential regulatory role of the cellular antioxidant enzymes should be emphasized. Inhibition of catalase and glutathione peroxidase can bring about apoptosis in BHK cells [4] by virtue of the increased cellular levels of H202 that result. Mimics of superoxide dismutase have the same effect [4] .
Communication between cells
In physiological terms, relatively high concentrations of exogenous H2O2 and 0;' could be available at sites of inflammation. In principle, this could provide a pathologically important means of influencing the redox status of cell proteins. On the other hand if non-inflammatory cells can also generate and release these reactive oxygen species, then it is also possible to envisage a means whereby they could influence the redox status of proteins in adjacent cells of a tissue. Indeed the effects of growth factor or cytokine interaction with only a single cell could be transmitted to many surrounding cells in a tissue. Whilst there would probably be a gradient of diminishing influence within the tissue, this could have relevance to the development of tissue morphology. Developmental biologists have previously hypothesized tissue gradients of diffusible developmental 'morphogens' [26] .
Introduction
Whether or not oxidative stress is a critical part of the apoptotic process is controversial and has been under debate for several years. Arguments for it come in part from studies showing that oxidants or oxidant-promoting agents in lower doses are able to trigger apoptosis [l-31, although in higher doses they usually cause necrosis. Other indications are that antioxidants can inhibit or delay non-oxidatively induced apoptosis [4-71, although the most compelling observations are signs of oxidative stress in apoptotic cells [7, 8] (for a comprehensive review see [9, 10] ). T h e importance of this has been challenged by reports of ongoing apoptosis in lowoxygen environments [ 1 1,121, although recent work suggests that apoptotic oxidative stress is not necessarily mediated by extensive formation of reactive oxygen species (ROS) but simply may be achieved through efflux of the main antioxidant, GSH, from cells [13] .
T h e redox state of thiols is a separate issue which is connected with the oxidation state in Abbreviations used: ROS, reactive oxygen species; ICE, interleukin 1 P-converting enzyme; DDC, diethyldithiocarbamate; PDTC, pyrrolidine dithiocarbamate; DSF, disulphiram; FCS, foetal calf serum; TNF, tumour necrosis factor. $To whom correspondence should be addressed. we also have observed (see below). Taken together, this means that although oxidation of thiols will induce the death programme, at certain stages in the process, participating enzymes are dependent on reduced protein thiols for their activity.
Dithiocarbamates comprise one class of molecules that have been widely used in studies of the redox regulation of apoptosis [3,20,21].
They are known to exert both pro-and antioxidant effects in cell-free and biological systems, and as cheap, usually water-soluble, molecules they have agricultural (fungicides and insecticides), clinical (alcohol aversion therapy) and industrial applications. Chemically, they are defined by possession of a (R,) (R,)N-C(S)-S-R, functional group. Both mono-and di-albl com-
